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According to current practice, analyzing the stability of an earth slope under seismic conditions involves applying a pseudo-static 
seismic load in a conventional limit equilibrium analysis or performing a displacement analysis based on the analogy of a rigid block 
on an inclined plane. This paper reviews the development of currently used approaches of seismic slope stability analyses, available 
remediation methods, and design considerations.  It examines the issues of shear strength degradation, strain incompatibility, and 
presents three case histories of projects located in areas of high seismicity where some form of reinforcement was used to obtain 





The seismic stability of earth slopes has been a topic of 
considerable interest in geotechnical engineering practice for 
the past 40 years.  During this time the state of practice has 
evolved from simple pseudostatic analyses to more 
complicated permanent displacement analyses.  Several 
analytical methods ranging from sliding block analyses to 
non-linear dynamic response finite difference analyses are 
now available for permanent displacement evaluations.  The 
most useful of these methods are those that can represent the 
physical mechanisms of the seismic stability problem using 
information that can be obtained practically and economically 
by the geotechnical engineer.  This paper examines various 
methods of analyses, available remediation methods and 
design considerations.  Case histories are presented of three 
projects in seismic areas where some form of reinforcement 
was used to obtain seismic slope stability. 
 
 
SEISMIC SLOPE STABILITY 
 
The seismic stability of slopes can now be analyzed by a 
variety of methods.  The oldest and simplest of these is the 
pseudostatic limit equilibrium method which is still commonly 
used in engineering practice.  However, methods that estimate 
permanent slope displacement have been available for over 40 
years and are now being used more frequently.  The following 
paragraphs review the advantages and limitations of each 




Pseudostatic Limit Equilibrium Method 
 
Documented in the literature as early as 1924, in this method, 
the transient effects of an earthquake ground motion are 
represented by applying a constant unidirectional acceleration to 
the ground mass or slope that may be unstable.  Limit state 
analyses are then performed incorporating the inertial forces 
using one of the several available methods and the results 
obtained in terms of factor of safety.  The selection of an 
appropriate seismic coefficient, however, is a crucial and 
complicated matter [Terzaghi, 1950; Seed 1979; Marcuson, 
1981; Hynes-Griffin and Franklin, 1984].  It is difficult to select 
an appropriate seismic coefficient that is correlated to the design 
earthquake characteristics, (such as the Magnitude, Duration, 
distance from source and peak acceleration) and also 
representative of the actual ground acceleration generated in the 
slope. The accuracy of this approach depends on how well the 
pseudostatic forces represent the complex dynamic inertial 
forces that actually occur during an earthquake.  Moreover, such 
a method does not provide any information on potential slope 
deformations and can be particularly unreliable for soils that 
exhibit loss of shear strength during ground motions or generate 
excess pore pressures within the soil mass.   
 
As a failure surface develops within a slope the ground 
accelerations within the failure mass would be different from 
those at the base of the slide because of ground response and 
topographic effects and incoherence of the ground motion 
within the slide mass.  Also, since soil slopes are generally 
compliant i.e., not rigid bodies, and the peak ground 
acceleration pulse lasts only for a small time, representative 
pseudostatic coefficients used in practice generally correspond 
to values well below the peak ground acceleration.   
 
The difficulty in the selection of the appropriate pseudostatic 
seismic coefficient and in the interpretation of the resulting 
factor of safety, in conjunction with the development of other 
methods, has somewhat reduced the use of the pseudostatic 
method for seismic slope analyses.  The post-earthquake 
performance of a slope is more fundamentally related to the 
permanent deformations that develop during shaking than to 
the factor of safety [Kramer and Smith, 1997]. 
 
 
Displacement Based Methods 
 
Newmark’s Method.  Newmark [1963] proposed the concept 
that the stability of earth dams should be assessed in terms of 
earthquake induced deformations, rather than a minimum 
factor of safety.  Newmark [1965] then presented a procedure 
in which deformations are modeled using the analogy of a 
sliding block on an inclined plane.  The procedure involves 
subjecting the block to a ground acceleration time history.  
When the inertial forces on the block exceed the threshold 
(yield) force required to move the block, the block starts to 
slide.  As the ground acceleration reverses direction, the block 
decelerates.  With each pulse, the block would have moved a 
certain distance which would have accumulated over the 
acceleration-time history.  The relative movement of the block 
is obtained by double integration of the acceleration above the 
yield acceleration (N) with respect to time.  Based on his 
examination of several ground motion records that were then 
available, Newmark considered the values of 0.5g for peak 
acceleration (A) and 30 in/sec for peak velocity (V) to be 
maximum values that might be felt due to large earthquakes.  
Based on above, he suggested that normalizing ground 
motions to these values of peak acceleration and velocity, one 
could obtain a conservative upper bound value of permanent 
displacement (D) as given by: 
 


















VD    (1) 
Where, g is acceleration due to gravity. 
 
This approach is simple and rational; however, it has several 
limiting assumptions.  The soil mass does not deform 
internally and does not experience any displacements below 
the yield acceleration.  The static and dynamic shearing 
strength of the soil are taken to be the same.  The effects of 
dynamic pore pressure are neglected.  The critical acceleration 
is not strain dependant and remains constant throughout the 
earthquake.  The upslope resistance to sliding is taken to be 
large enough to prohibit upslope displacement. 
 
In reality, the permanent displacement is not only strongly 
dependant on the duration, amplitude and the frequency 
content of the ground motion, but also on the value of the 
yield acceleration.  Moreover, the great variability in the 
distribution of the acceleration amplitudes between different 
ground motions produces great variability in predicted 
displacement.  Therefore, the accuracy of the input motion 
applied to slope is important in an accurate prediction.  Since 
the method treats the slope as perfectly rigid body and the soil 
strength as rigid, perfectly plastic, it works better for slopes that 
have similar characteristics.  Other factors include the 
compliance of the slope versus the frequency content of the 
ground motion, rate and displacement dependent shear strength 
of soils and slope failure mechanism. 
 
Chopra [1966].  Chopra suggested a rational approach to 
determining the time history of the average acceleration acting 
on the slide mass.  At each time step the horizontal forces acting 
on the slide mass boundary are obtained from stresses in the 
elements along the boundary of the slide mass.  The resultant of 
these forces divided by the weight of the sliding mass gives the 
average acceleration acting in the mass at that instant.  
Repeating this calculation for each time step provides an entire 
time-history of average acceleration in the slide mass.  Seed and 
Martin [1966] and Makdisi and Seed [1978] used similar 
techniques to arrive at a crest acceleration for a given base 
acceleration in an embankment. 
 
Franklin and Chang [1977].  Newmark [1965] presented the 
results of calculations of scaled permanent displacements of 
earth embankments under earthquake loading on the basis of 
four earthquake records.  Franklin and Chang extended the 
database for Newmark’s calculations to a total of 169 horizontal 
and 10 vertical strong motion records of the western United 
States scaled to 0.5g peak acceleration and 30 in/sec peak 
velocity and three synthetic earthquake records.  Their study 
revealed that the scaled permanent displacements from records 
of the San Fernando earthquake (Magnitude 6.5] produced 
values 1.5 times higher than those obtained by Newmark.  They 
also found that there was some correlation between the 
computed permanent displacements and duration of shaking, 
and hence magnitude, but they noted that there was considerable 
scatter in the data.  One possible limitation of Franklin and 
Chang’s data is that these include only time histories of ground 
motions that were recorded at level ground sites, whereas the 
motion within an embankment will tend to show relatively 
fewer cycles of motion with relatively longer period.   
 
Makdisi and Seed [1978].  Using Chopra’s approach, Faiz 
Makdisi performed two dimensional finite element analyses to 
determine average accelerations within an embankment and then 
performed sliding block analyses to compute earthquake 
induced permanent deformations of earth dams and 
embankments.  In the procedure the yield acceleration for a 
particular failure surface was computed using 80 percent of 
undrained shear strength of the soil.  The dynamic response of 
the embankment was accounted by an acceleration ratio that 
varies with the ratio of the depth of the potential failure surface 
relative to the height of the embankment. By performing 
analyses for several real and hypothetical embankments to 
several real and synthetic ground motions scaled to represent 
different earthquake magnitudes, they computed the variation of 
permanent displacement with ay/amax and magnitude, where, ay 
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is the yield acceleration and amax is the peak ground 
acceleration.  Scatter in the predicted displacements was 
reduced by normalizing the displacement with respect to the 
peak base acceleration and the fundamental period of the 
embankment.  Makdisi and Seed’s approach considers site 
amplification and earthquake magnitude effects.  Therefore, it 
is more appropriate for embankments where amplification 
effects are expected when subjected to large earthquakes. 
 
Richards and Elms [1979].  Richards and Elms made an 
approximation to Franklin and Chang’s curves for 
standardized maximum displacements in the low to medium 






















VinD    (2) 
In addition to being dependant on peak ground acceleration 
and the ratio of the yield acceleration coefficient and peak 
acceleration coefficient, the permanent displacement is 
sensitive to the peak ground velocity of the earthquake which 
is dependant on the duration of motion as well as the 
frequency content.  A larger magnitude earthquake will tend to 
have a higher peak ground velocity.   
 
Newmark [1973] and others recognized that because the peak 
accelerations and peak velocities are associated with different 
frequencies, the ratio of vmax/amax should be related to the 
frequency content of the ground motion.  Seed and Idriss 
[1982] suggested representative average values of vmax/amax.g 
for different site conditions ranging from 21.65 in/sec/g for 
rock sites to 43.3 in/sec/g for stiff soil (< 200 ft) sites and 
53.15 in/sec/g  for deep stiff soil sites (>200 ft).  
 
If peak velocity is estimated using these correlations, and used 
in Richards and Elms’ [1979] expression, it leads to the 






























AinD  for stiff soil sites (> 200 ft)  (5) 
 
Charts developed from these relationships for the three 
generalized site conditions are shown in Fig. 1 for convenient 
use.  Displacements less than a few inches are for presentation 
purposes only.  These lower values of displacement exceed the 
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Fig. 1:  Newmark Displacements for different Site Conditions. 
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Hynes and Franklin [1984].  Hynes and Franklin performed 
Newmark sliding block analyses using 348 strong motion 
records with magnitudes ranging from 3.8 to 7.7, with most 
being magnitude 6.6, and six synthetic records between 
magnitude 7 and 8.  They used a linear elastic beam model by 
Sarma [1979] to evaluate accelerations within the 
embankment and Newmark’s displacements from time 
histories using the approach of Franklin and Chang [1977]. 
Based on these analyses they concluded that slopes with yield 
acceleration equal to one-half the peak ground acceleration 
would experience a permanent displacement of less than 3 ft 
for any earthquake magnitude, even where an amplification of 
3 occurs.  Their approach does not consider site amplification 
or earthquake magnitude effects.  Therefore, it may be more 
appropriate for natural and cut slopes and low broad 
embankments where amplification effects are expected to be 
small when subjected to large earthquakes.  Moreover, in 
urban areas, where structures are commonly built on slopes, 
the 3 ft deformation criterion is unsuitable for serviceability.  
Therefore, this method is not recommended for embankments 
where even small displacements are intolerable. 
 
Jibson [1993].  Jibson also recognized that peak ground 
acceleration alone is a crude measure of earthquake intensity.  
Since the accuracy of the input motion applied to the slope is 
important in an accurate prediction of slope displacement, 
Jibson suggested that design criteria include a specified level 
of ground shaking, a design earthquake of specified magnitude 
and location, and an acceptable design amount of earthquake 
displacement.  For the specified level of ground shaking he 
suggested using PGA, duration and Arias Intensity [Arias, 
1970] to form a rational basis for selecting strong motion 
records.  Arias Intensity is the integral over time of the square 
of the acceleration expressed in units of velocity.  Shaking 
characteristics at the site can be estimated using available 
correlations between magnitude and duration and between 
duration and peak ground acceleration, which can then be used 
to form a basis for selecting existing time histories.  Using 
multivariate regression analyses, Jibson developed empirical 
relationships among Newmark displacements, yield 
accelerations and Arias intensity for 11 strong motion records 
having Arias intensities between 0.2 and 10 m/sec, spanning 
the smallest shaking intensity that might cause a landslide to 
the largest intensity ever recorded.  The empirical relationship 
is as follows: 
 
409.0546.1642.6log460.1 ±+−= yaN aILogD  (6) 
 
Where, Ia is the Arias Intensity, and ay is the yield 
acceleration. 
 
The Arias intensity may be determined by an empirical 
relationship between duration and peak ground acceleration 
developed by Wilson (USGS) [Jibson, 1993]. 
 
29.0 TaI a =     (7) 
Where, Ia is in m/sec, a is the peak ground acceleration and T 
is the duration in seconds, defined as time required to build up 
the central 90 percent of the Arias intensity.  Duration may be 
determined using an empirical relationship by Dobry et al. 
[1978]. 
83.1423.0 −= MLogT    (8) 
 
Martin and Qui [1994].  Using the same database as Hynes and 
Franklin [1984] but neglecting the six synthetic records, Martin 
and Qui performed regression analyses to develop simplified 
charts showing displacement versus N/A.  They included peak 
ground acceleration and velocity as the additional regression 
parameters and also noted that the magnitude was not a 
statistically significant parameter for the range of magnitudes 
(M6 to M7.5) used in their analyses.   They developed charts for 
velocity to acceleration ratios (vmax/amax.) of 30 and 60 to be 
used for epicentral distances greater than 30 km and less than 15 
km, respectively.   
 
Bray and Rathje [1998].  Bray and Rathje developed an 
approach to estimate permanent base sliding deformation for 
solid waste landfills.  Their method, similar to Hynes and 
Franklin’s approach is based on significantly more analyses, and 
a larger peak ground accelerations, and a wider range of 
frequency content.  They performed statistical analyses to relate 
peak acceleration of the slide mass to the mean horizontal rock 
acceleration and ay/amax to the duration and amplitude of 
shaking.  In their analyses, they did not use earthquake 
magnitude directly, but rather earthquake duration, which is 
closely correlated to magnitude.  They demonstrate that for the 
same maximum horizontal acceleration, larger magnitude 
earthquakes would cause greater slope deformations than 
smaller magnitude earthquakes.  As with other procedures, their 
procedure is not applicable for earth slopes constructed on strain 
softening materials such as soft clays and liquefiable soils.  This 
method is recommended for embankments where even small 
displacements (2 inch to 6 inch) are intolerable. 
 
In summary, all the methods outlined above suffer from some 
limitations.  Inherent to the Newmark approach is the limitation 
that soil slopes are compliant, not rigid bodies.  Soil strength is 
strain dependent and so is yield acceleration which will vary 
during the duration of ground motion. Therefore, with 
accumulated strain, yield acceleration would decrease resulting 
in more slope displacement.  However, as strains accumulate the 
earthquake motion also diminishes in amplitude, thereby 
somewhat offsetting the error caused by neglecting the 
diminishing yield acceleration.  All of the above listed methods 
require obtaining the yield acceleration by trial and error using 
pseudostatic limit equilibrium methods.  For embankments in 
soft soils, these methods may result in an unrealistically large 
slide mass with no semblance to the actual slide plane.  The 
selection of an appropriate input motion or pseudostatic 
coefficient is critical to a realistic prediction.   
 
It is difficult to predict the horizontal ground acceleration in the 
slide mass.  Even more so, in the event of liquefaction, where 
ground accelerations may attenuate rapidly and the slide mass 
may not feel the full acceleration.  Studies need to be conducted 
to evaluate how the peak ground acceleration in a slide mass 
changes with the ratio of the length of the slide mass and the 
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wave length of ground motion.  On one hand, one would 
expect for very long slopes incoherence in ground motions 
leading to a reduction in peak ground acceleration.  On the 
other hand, for steep slopes in cemented soils, one would 
expect amplification in ground acceleration.  Where possible, 
seismic response analyses should be performed to estimate the 
average ground acceleration in the slide mass.  Additionally, 
probabilistic seismic hazard analyses using deaggregation 
techniques should be performed to arrive at a design 
earthquake magnitude and distance from the site.   
 
Newmark displacement procedures would not be appropriate 
for steep slopes in cemented soils that tend to fail by 
developing tension cracks behind the crest followed by 
toppling or by shear failure at the base of the block.  Since 
these failures are brittle in nature, they do not lend themselves 
to deformation type analyses. 
 
Lastly, all procedures based on Newmark’s sliding block 
models provide only an index of slope performance that is 
related to accumulated permanent shear deformations in the 
ground.  Deformations related to volumetric changes from 
seismic settlements and post-liquefaction pore pressure 
dissipation have to be evaluated separately.  The selection of 
an allowable permanent displacement is subjective and should 
be dependant on the serviceability of the structure (building, 
bridge, or pavement slab) supported by the slope or on the 
level of damage acceptable to the owner.   
 
Numerical Modeling.  Many of the limitations of the above 
methods may be overcome using numerical techniques such as 
finite difference methods and finite element methods.  A fully 
coupled model which addresses pore pressure generation, 
strain softening, seismic ground motions, including 
liquefaction and soil structure interaction can be used but 
would require engineering time and increased laboratory 
testing costs.  The accuracy of these models is highly 
dependent on the constitutive model selected and accuracy of 
input parameters. Nevertheless, these models can illustrate 
mechanisms of deformation which can provide useful insight. 
 
AVAILABLE METHODS OF REMEDIATION 
 
Slopes that exhibit unacceptable factors of safety or 
unacceptable seismic slope displacements require some form 
of remediation.  Available slope remedial measures can be 
classified into a) grading, b) drainage, c) mechanical 
stabilization using drilled shafts, tiebacks, or soil nails, and 





Ranging from reconfiguration of the slope surface to a stable 
gradient, to removal and recompaction of soil that is 
preferentially weak in an adverse direction and its replacement 
with a soil with higher strength can be performed to entirely or 
partially remove potentially unstable soil to create a finished 
slope with the required factor of safety.  Grading measures also 
include stability fill, buttresses and shear keys. 
 
Stability Fill.  These are used where a slope has an adequate 
factor of safety for gross stability, but an insufficient factor of 
safety for surficial stability or where the materials are exposed 
at the slope surface are prone to erosion, sloughing, rock falls, 
or other surficial conditions that require remediation.  Stability 
fills are relatively narrow, typically 10 to 15 ft wide.   
 
Buttress Fill.  provides the features of a stability fill but is used 
where a slope does not have a sufficient factor of safety for 
gross or deep seated stability.  Buttress fills can be used to 
support upslope landslides or slopes in sedimentary rock where 
bedding is adversely dipping out of slope.  When reinforced 
with geogrid or with wrap-around geotexile facing, buttress fills 
can be made as steep as 0.75 Hor: 1 Vert. 
 
Shear Key.  Shear resistance of the soil along a deep potential 
failure plane can be significantly increased by excavating a 
keyway into competent material below the potential failure 
surface and backfilling the keyway with compacted fill, geogrid 





Surface Drainage.  Improving the surface drainage at the site 
can help mitigate if not eliminate surficial slope erosion and 
sloughing.  Constructing edge drains and drainage swales along 
with benching at regular intervals can help mitigate significant 
gullying and erosion resulting from heavy flow during periods 
of precipitation. 
 
Subdrainage. Both passive and active dewatering subsurface 
water control systems can be used to provide drainage, maintain 
low water pressures and improve overall stability in slopes.  A 
slope can be passively dewatered by installing slightly inclined 
gravity drains, backdrains, chimney drains and hydroaugers.  
These drains are sloped toward an outlet and extended 
sufficiently into the slope to dewater the earth materials that 
affect the stability of the slope.  Many dewatering systems 
require periodic maintenance to remain effective and may need 
to be monitored for effectiveness.  A slope can be actively 
dewatered using a system of well points and sumps.  However, 
this system is expensive, requires ongoing maintenance and 
generally used only for temporary excavations. 
 
 
Mechanical Slope Stabilization 
 
Where slope stabilization by grading is not feasible due to 
physical constraints such as right-of-way availability, presence 
of steep slopes or the presence of very low strength soils, it may 
be feasible to mechanically stabilize the slide mass.  Mechanical 
stabilization can be accomplished using retaining walls, deep 
foundations, soil reinforcement with geo-synthetics, tieback 
anchors, and soil nails. 
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Stabilization with Piles/Drilled Shafts.  The slopes can be 
stabilized by installing drilled shafts through unstable soil into 
competent underlying materials.  The drilled shafts are sized 
and spaced so as to provide the additional resistance through 
the bending capacity of the pile/shaft anchored by passive 
resistance in stable earth materials underlying the sliding 
surface.   
 
Tie-backs.  The loads on the soldier piles can in some cases be 
higher than what these elements can support in cantilever 
action alone.  Tieback anchors can be incorporated in those 
cases to provide additional resistance.  Tiebacks can also be 
used without soldier piles. 
 
Soil Nails. This involves earth reinforcement by placing 
reinforcing rods in holes drilled in the ground and grouting the 
annulus with cement grout.  The reinforcing rods are not pre-
stressed or post-tensioned.  Soil nails should not be used in 





Ground Improvement is often an economical alternative to 
mechanical slope stabilization. Numerous ground 
improvement measures are available such as 1) stone columns, 
2) jet grouting, 3) deep soil mixing, and, 4) compaction 
grouting.  Other measures such as permeation grouting also 
are available to the engineer.  The reader is referred to 
Munfakh [1997] for a comprehensive treatment on ground 
improvement methods.  
 
Vibro-compaction and Stone Columns.  Vibro-compaction is 
used primarily to densify granular soils susceptible to 
liquefaction.  It is effective when the relative density is less 
than 70 percent.  This method is not effective in partly 
saturated soils or in soils with 20 percent or more passing the 
No. 200 sieve.  Stone columns are suitable for use in fine 
grained soil, and in coarse-grained soils with fines content 
greater than 20 percent.  The open graded nature of the stone 
column allows quick dissipation of the excess pore water 
pressure generated by the earthquake, thus reducing 
liquefaction potential.  When used in sandy soils, the soils 
between adjacent columns are displaced and densified by the 
operation, consequently improving the soil strength, and 
increasing its resistance to liquefaction.  The improved soil in 
turn provides greater lateral foundation support. 
 
Jet Grouting.  An array of cement grout columns can be 
constructed provide additional shearing resistance in the weak 
zone.  Jet Grouting is a soil replacement process in which a 
high-pressure water jet is used to erode the native soil and mix 
it or replace it with a stabilizer such as cement resulting in a 
dense mixture of soil and cement.  This method can be used 
for improving soils of any type.  The main limitation of jet 
grouting is that the very high pressure used in grouting may 
fracture the surrounding soil or result in heave and excess 
deformations that affect structures and utilities.  Therefore, it 
is an operator sensitive system and requires a skilled and 
experienced contractor. 
 
Deep Soil Mixing.  Deep soil mixing is the mechanical blending 
of the in-situ soil with cement at depth using a hollow stem 
auger and mixing paddle arrangement.  The soil fabric is 
disturbed by the penetration of the auger, then mixed with 
cement grout as the auger is withdrawn resulting in compacted 
soil-cement columns.  The overlapping soil mix columns are 
sometimes arranged in a lattice pattern to provide resistance in 
the case when the original soil liquefies under seismic loading.  
 
Compaction Grouting.  This process can be used to densify 
granular soils, mitigate liquefaction potential and improve 
foundation performance.  It involves the staged injection of low 
slump (< 3 inch) mortar grout into soils at high pressures (>600 
psi) forming grout bulbs which displace and densify the 
surrounding soils.  At each grout location a casing is drilled to 
the bottom of the zone of loose soil.  Compaction grout is then 
pumped into the casing at increments of one lineal foot.  When 
previously determined criteria of volume, pressure and heave 
are met, the pumping is terminated and the casing withdrawn 
and the hole filled.  Compaction grouting works best in soils 
which drain quickly, such as loose sands.  It is ineffective at 
shallow depths (<10 ft) and in areas with limited overburden 
stress, where the grout bulbs will simply heave the ground, 
without compacting the soils.  In addition, compaction grouting 
can have an impact on existing buried structures and utilities.   
 
 
AVAILABLE DESIGN APPROACHES 
 
Different mitigation measures require analyses of different 
modes of failure.  Moreover, methods such as slope 
reinforcement, mechanical slope stabilization and ground 
improvement, require consideration of soil structure interaction 
and strain incompatibility issues.  This section describes some 
of the available design approaches related to geo-reinforced 
earth slopes and slope stabilization using piles or drilled shafts 
in compacted fill, and in soft soils. 
 
For slopes comprised of non-degrading soils, generally a limit 
equilibrium method of analyses is performed to obtain the yield 
acceleration, i.e., the horizontal ground acceleration at which 
factor of safety is 1.0. The seismic slope displacement is then 
computed using Makdisi and Seed’s or other suitable approach.  
If the permanent slope displacement can be tolerated by the 
impacted structures then no remediation is needed.  However, if 
estimated permanent slope displacement must be mitigated, the 
slope is reanalyzed using one of the above listed remedial 
measures, such as geosynthetic reinforced slope or stabilization 
with piles.  If a geosynthetic reinforced buttress is used, one 
needs to reduce the geosynthetic-soil interface friction angle 
appropriately to account for strain incompatibility concerns. In 
other words, compacted soil may develop its peak strength at 
strains much smaller than those required for a geotextile, which 
may have developed only a fraction of its peak strength.  
Therefore, to account for strain incompatibility, it is necessary 
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to use the strengths for both materials that will develop at the 
expected level of strains.  
 
For slopes that are stabilized using piles or drilled shafts, one 
can use an iterative Newmark sliding block approach which 
incorporates the bending resistance offered by the piles 
anchored by passive resistance in stable earth materials below 
the critical sliding surface.  First the minimum yield 
acceleration for which the permanent displacement is within 
allowable limits is determined.  Then the additional resistance 
required to raise the yield acceleration of the slope to the 
desired level is computed.  A pile section and spacing are then 
selected and lateral pile analyses are carried out to determine 
the lateral resistance offered by the pile and the soil below the 
critical surface, at the allowable displacement level.  Pile 
spacing (or the number of piles per unit width of slope) is 
varied to obtain the desired resistance for an acceptable pile 
deflection.  At this point the estimated slope displacement 
should match the pile displacement.  Pile reinforcement is then 
designed to accommodate the pile bending moments and shear 
forces determined from lateral load analyses. 
 
For soft cohesive soil slopes that are stabilized using jet grout 
columns, one can use an iterative Newmark sliding block 
approach which incorporates the additional shear resistance 
offered by the grout columns.  Again, as with other slopes, 
first the minimum yield acceleration for which the permanent 
displacement is within allowable limits is determined.  The 
additional resistance required to raise the yield acceleration of 
the slope to the desired level is then computed.  Following 
which grout column size and spacing is selected and the 
shearing strength of the improved soil mass is estimated.  Two 
important considerations in strength selection of the improved 
soil mass are loss of strength from cracking of grout column 
and strain incompatibility between the relatively brittle cement 
grout and the “ductile” soft soil.  Unlike piles/drilled shafts 
used to stabilize slopes which provide resistance through 
bending, cement grout columns provide little/negligible 
bending resistance unless they are reinforced.  They are likely 
to crack and consequently lose the cohesive component of 
their shearing resistance.  Therefore, only a fraction of the 
shearing strength of the grout column can be counted on.  
Cement grout columns may develop their peak strength at 
strains much smaller than those required for the surrounding 
soft clay, which may have developed only a fraction of its 
peak strength.  To account for strain incompatibility, it is 
necessary to use the strengths for both materials that will 





This section presents three case histories of projects located in 
areas of high seismicity where some form of reinforcement 
was used to obtain seismic slope stability. 
 
Oak Canyon Wildlife Crossing, Orange County, California 
 
The Oak Canyon Wildlife Crossing consisted of two single 
span, driven pile-supported bridges, located side by side, 
carrying a toll road in the seismically active Santa Ana 
Mountains in Orange County, California.  The bridges were 
designed in 1996 and constructed in 1997.  The bridge approach 
fill embankments varied in height from 70 ft to 115 ft.  The 
abutment slopes were at a gradient of 1.5H : 1V.  The site was 
underlain by two bedrock formations; the Pleasants Sandstone 
member of the Williams Formation and the Santiago Formation, 
a fine grained silty sandstone (Fig. 2). A major fault trending 
northwest-southeast, forming a major unconformity between the 
Williams Formation to the south, and the Santiago Formation to 
the north, bisects the bridge location.  The Seismic Hazard Map 
of iso-seismal lines developed by Caltrans [Mualchin and Jones, 
1992], indicated a Peak Bedrock Acceleration of 0.6g for the 
bridge location.   
 
 
Fig. 2:  Oak Canyon Wildlife Crossing 
 
During design, slope stability analyses were performed using the 
computer program PCSTABL-5M [Achilleos, 1988] which used 
the Modified Bishop’s Method to analyze circular surfaces.  To 
model seismic conditions pseudo-static slope analyses were 
performed using a seismic coefficient of 0.15g per traditional 
practice in Southern California.  The analyses indicated that the 
end slopes between the bridges did not achieve the required 
factor of safety.  The yield acceleration for the slopes, which is 
the horizontal ground acceleration at which the factor of safety 
of slope stability is 1.0, was determined by trial and error to be 
0.21g.  Seismically induced displacement analyses using 
Newmark’s sliding block approach indicated displacements on 
the order of 7 to 11 inches.  A geogrid reinforced earth slope 
was recommended to achieve the required factor of safety and to 
limit seismic permanent displacements to 2 inch or less.  
Newmark’s sliding block approach was used to back-calculate 
the maximum yield-acceleration required to obtain permanent 
displacements less than the allowable limit.  For this purpose, 
computer program TENSLO1 [Tensar, 1993] was used to 
analyze various configurations of slope reinforcement.  Final 
analyses indicated that 25 levels of geogrid reinforcement with 
long term design strength of 3 kip/ft was required to increase the 
yield acceleration to 0.30g to limit the permanent slope 
displacement (See Fig. 3).   
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Fig. 3:  Geogrid Reinforcement Layout for Abutment Slope. 
 
Because the bridges were to be supported on driven piles the 
geogrid reinforcement would have interfered with the piles.  
Therefore, the portion of the end slopes located immediately 
beneath the bridge structure that would be impacted by pile 
driving was not reinforced with geogrid.  Instead, the 
reinforcing effect of the bridge foundation piles was 
considered in the slope stability evaluation.  Procedures 
described in the preceding section were used to evaluate the 
pinning effect of the foundation piles.  After determining the 
additional resisting force required to obtain the required yield 
acceleration of the slope, the piles were evaluated for the 
moment and shear force imposed by anticipated slope 
deformations.  The analyses indicated that the nearly 50 piles 
(12-inch square concrete or 12HP84 steel) required to support 
the bridge would provide sufficient reinforcement to the 
abutment slope without affecting their load carrying ability.  
This project illustrates the effective use of geotextile 
reinforcement and also the use of pile pinning to improve the 
stability of an earthen fill slope in a seismic area.  The 




Fig. 4:  Constructed Bridge and Approach Embankment. 
 
 
Arthur Ravenel Jr. Bridge, Charleston, South Carolina 
 Arthur Ravenel Jr. Bridge provides a 1,546 ft long cable 
stayed main span over the Cooper River between the City of 
Charleston and the Town of Mount Pleasant in South 
Carolina.  When completed in 2005, it was the longest cable 
stayed bridge in North America.  Well known for its 1886 
Moment Magnitude 7.3 earthquake that was reported to have 
caused church bells to ring from Cuba to Boston, Charleston is 
one of the most seismically active regions in the Eastern United 
States.  Consequently, for seismic design of the bridge bi-level 
design criteria were established which included peak ground 
acceleration of 0.75g and Magnitude 7.25 to represent the 
2,500-year return period earthquake (i.e., the Safety Evaluation 
Earthquake, SEE), and a peak ground acceleration of 0.15g and 
Magnitude 6.5 for the 500-year return period earthquake (i.e., 
the Functional Evaluation Earthquake, FEE). 
 The project also included 10,441 ft of approach structures and 
thirteen on-ramp approach embankments leading to the bridge.  
About one third of the thirteen embankments required 
reinforcement with high strength geotextile to improve the 
foundation performance during seismic events. One such 
approach embankment located on the Charleston side of the    
Ravenel Bridge is the Line 5 alignment.  The embankment 
varies in height from about 1 ft to a maximum height of about 
10 ft, where it meets the Line 5 structure abutment (Fig. 5).  The 
presence of an adjacent creek and an environmentally protected 
wetland area created a constraint to the construction of a sloping 
embankment and required a retaining wall to support the 
roadway embankment.  To avoid encroachment into the 
wetland, a mechanically stabilized earth (MSE) wall, up to 
approximately 10-ft high was proposed for a length of about 150 
ft.  Boring data indicated that the location of the proposed 
approach embankment is underlain by sand (fill), recent alluvial 
deposits and Cooper Marl formation, a miocene age marine 
deposit (Fig. 5).  Starting at the surface, the site is underlain by 
approximately 5 ft of loose, wet, silty sand and sand, followed 
by 3 to 23 ft thick deposit of soft clay, and then by layers of 
loose sand and medium stiff clay to the surface of Cooper marl, 
generally consisting of stiff to hard silty clay.  Groundwater at 
the site was shallow, encountered within 1.7 ft to 2.3 ft below 




Fig. 5:  Subsurface Profile at Line 5 Approach 
 
  Settlement analyses performed for the maximum design 
embankment height at the abutment location indicated total 
settlements at the centerline on the order of 20 inches.  To limit 
post-construction settlements to less than 1 inch, preloading 
with a 4 ft surcharge in conjunction with installing prefabricated 
vertical drains was the selected solution.  For the 10 ft high 
embankment fill and 4 ft surcharge, slope stability analyses 
indicated that staged construction in conjunction with one layer 
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of geotextile reinforcement was required for the 14 ft high 
preload and surcharge embankment. Polyester woven 
geotextile reinforcement with long-term allowable design 
strength (LTDS) of 3.5 kip/ft was selected for this purpose.   
 
Liquefaction analyses conducted at boring locations along the 
embankment, using the conventional simplified procedure 
developed by Seed and Idriss [1982] and progressively revised 
by others [NCEER Guidelines, 1997], indicated that the sand 
strata neither meet the required factor of safety against 
liquefaction in the 500-year return period earthquake nor 
during the 2,500-year return period earthquake.  Accordingly, 
it became necessary to assess the magnitude of seismically 




Fig. 6:  MSE Wall during Construction 
 
 Post-earthquake stability analyses were conducted assuming 
that liquefaction in the sand strata has occurred.  A post-
liquefaction residual strength was used for the liquefiable 
strata based on available correlations with SPT N-values [Seed 
and Harder, 1990].  In addition, seismic stability analyses to 
account for the inertial effect due to shaking were performed 
by using a pseudo-static earthquake coefficient of 0.15 for the 
500-year earthquake.  The results indicated that the proposed 
MSE wall with its foundation strengthened by the woven 
polyester geotextile reinforcement with an LTDS of 3.5 kip/ft 
will achieve a factor of safety of global stability greater than 
the minimum required value of 1.1 for both the pseudo-static 
and the post-earthquake conditions.  However, for the 2,500-
year design earthquake, the pseudo-static factor of safety using 
the peak ground acceleration of 0.75 was lower than 1.0.  
Therefore, permanent deformations were calculated for 
assessing the impact on the MSE wall.  Newmark analyses 
were conducted to compute permanent ground displacements 
for the final MSE Wall.  The yield acceleration for the MSE 
wall was computed and used to estimate permanent ground 
displacements during the 2,500-year earthquake using 
procedures by Makdisi and Seed [1978].  The 10-ft high 
embankment, with its foundation strengthened by the woven 
polyester geotextile reinforcement with LTDS of 3.5 kip/ft, 
has a yield acceleration of 0.23g.  Since the yield acceleration 
is greater than the peak ground acceleration from the 500-year 
earthquake, no permanent wall deformations are expected to 
occur for the 500-year earthquake.  Site specific seismic 
response analyses using computer program Proshake [Edupro, 
1998] for the 2,500-year earthquake indicated a peak average 
acceleration of 0.5g within the failure mass.  Based on the yield 
acceleration of 0.23g and this peak average acceleration, it was 
concluded that the 2,500-year earthquake could result in average 
permanent deformation on the order of 4 inches for the MSE 
wall which met the project design criterion of 6 inches for the 
2,500-year earthquake.  This case illustrates the use of 
geotextiles for strengthening embankments in degrading soils 
such as soft clays and liquefiable soils. 
 
 
Bay Area Rapid Transit System’s San Francisco Transition 
Structure, San Francisco, California 
 
The Bay Area Rapid Transit System’s San Francisco Transition 
Structure (SFTS) provides transition from the Transbay tube 
(TBT) embedded in Bay Mud to soils onshore.  The site is 
underlain by five principal strata shown in Fig. 7.  Surficial Fill, 
Young Bay Mud, Merritt Posey San Antonio Formation 
(MPSA), Old Bay Mud, Lower Alameda Sands and Franciscan 
Sandstone.  Starting at the surface, the site is underlain by 
surficial fill consisting of miscellaneous fill materials extending 
from the mudline to El -30 ft, underlain by Young Bay Mud to 
about El. -104 ft on the west side and about El. -100 ft on the 
east side of the SFTS followed by a stiff clay layer with shear 
strength on the order of 1,500 to 1,700 psf.  This layer varies in 
thickness from 3 ft west of the SFTS to approximately 15 ft east 
of the SFTS.  Beneath the foundation course of the SFTS, the 
layer is interpolated to be between zero to 8 ft thick.  Underlying 
the stiff clay layer is the cohesive subunit of the MPSA 
consisting of interlayered stiff clay, clayey sand and sandy clay.  
The clay layers within this unit have shear strength on the order 
of 2,500 psf or greater.  Underlying the cohesive subunit of the 
MPSA formation is the dense sand subunit of MPSA.  This 
layer is present between approximate El. -117 to -120 ft and El. 
-137 ft.  Underlying the MPSA is the stiff to very stiff Older 
Bay Mud extending to El. -225 ft.  Beneath the Older Bay Mud 
is the dense sand deposit of the Lower Alameda formation 
underlain by Sandstone of the Franciscan Formation.  
 
Fig. 7:  Subsurface Profile along San Francisco Transition 
Structure. 
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Seismically-induced instability of the slope in the vicinity of 
the SFTS was identified as a potential cause of displacement 
demand on the seismic joint between the SFTS and the 
connecting Transbay Tube. During retrofit assessment, slope 
stability analyses were performed for a representative cross-
section using the computer program SLOPE/W [Geoslope 
International, 2006] by the method of Morgenstern and Price.  
The yield acceleration for the slope was determined by trial 
and error to be about 0.15g which compared well with the 
0.14g value determined from 2-D and 3-D finite element 
models.   
 
 
Fig. 8:  Yield Acceleration obtained from Slope Stability 
Analyses. 
 
Estimates of horizontal equivalent acceleration (HEA) within 
the slide mass were obtained using 1-D and 2-D site response 
analyses using computer programs SHAKE and QUAD4M, 
[Hudson, et. al., 1994] respectively.  Permanent slope 
displacement was estimated by double integrating the portion 
of the HEA of the sliding mass that exceeded the yield 
acceleration.  Newmark’s sliding block approach indicated 
displacements on the order of 4 to 8 inches.  Although the 
estimated displacements were not considered sufficient to 
warrant shoreline stabilization, a scheme of limited jet 
grouting was developed to strengthen the relatively weak layer 
beneath the east end of the SFTS.  Jet grouting was considered 
an effective means of slope stabilization. The jet grouting 
process would insert large interconnected masses or columns 
of soilcrete (soil mixed with concrete) between the bottom of 
the tremie platform that supports the SFTS caisson and the top 
of the Posey Sand layer extending from approximately El. -92 
ft down to dense sand layers within the MPSA at 
approximately El. -117 feet.  The soilcrete would have a 
compressive strength at 28 days of 150 to 200 psi and 300 to 
400 psi in 180 days.  To account for strain incompatibility 
between the rigid and brittle grout columns and the relatively 
soft and ductile Bay Mud, in the analyses, soilcrete strength of 
150 psi was assumed, which is a fraction of the long term 
strength.  Limit equilibrium and PLAXIS 2-D analyses 
conducted for the jet grout retrofit option, indicated that the 
soilcrete mass will force the critical failure surface down into 
the dense Posey Sands.  Limit equilibrium analyses suggested 
a yield acceleration on the order of 0.22g and a corresponding 
permanent displacement on the order of 1 inch, which was 
considered acceptable (Fig. 8).  The use of jet grouting has been 
shown to be able to limit seismic slope displacements for this 
project.  However, it was ultimately not implemented because it 
would have caused high load demand on the seismic joints, 






According to current practice, analyzing the stability of an earth 
slope under seismic conditions involves applying a pseudo-static 
seismic load in a conventional limit equilibrium analysis or 
performing a displacement analysis based on the analogy of a 
rigid block on an inclined plane. Although several methods of 
seismic slope stability assessment are available, each has some 
limitations. Soil slopes are compliant, not rigid bodies.  Soil 
strength is strain dependent and so is yield acceleration.  The 
selection of an appropriate input motion is critical to a realistic 
prediction. Moreover, selection of the allowable permanent 
displacement is subjective and should be dependant either on the 
serviceability requirements of the structure supported by the 
slope, or on the level of damage acceptable to the owner.  The 
selection of available mitigation measures depends on the site 
conditions, the driving forces and the failure modes.  Different 
mitigation measures require analyses of different modes of 
failure.  For example, piles used to stabilize slopes offer 
resistance through bending, while jet grout columns act in shear.  
In addition, consideration of strain incompatibility between soil 
and reinforcement, and the selection of allowable tolerable 
displacement are important issues.  Case histories are presented 
of projects located in areas of high seismicity where some form 
of reinforcement based mitigation measure was used to obtain 
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